This paper investigates the influence of the slot/pole (S/P) combination on inter-turn short-circuit (SC) current in fault-tolerant permanent magnet (FT-PM) machines. A 2-D sub-domain field computational model with multi-objective genetic algorithm is used for the design and performance prediction of the considered FT-PM machines. The electromagnetic losses of machines, including iron, magnet, and winding losses are systematically computed using analytical tools. During the postprocessing stage, a 1-D analysis is employed for turn-turn fault analysis. The method calculates self-and mutual inductances of both the faulty and healthy turns under an SC fault condition with respect to the fault locations, and thus SC fault current, considering its location. Eight FT-PM machines with different S/P combinations are analyzed. Both the performance of the machine during normal operation and induced currents during a turn-turn SC fault are investigated. To evaluate the thermal impact of each S/P combination under an inter-turn fault condition, a thermal analysis is performed using finite element computation. It is shown that low-rotor-pole-number machines have a better fault tolerance capability, while high-rotor-pole-number machines are lighter and provide higher efficiency. Results show that the influence of the S/P selection on inter-turn fault SC current needs to be considered during the design process to balance the efficiency and power density against fault-tolerant criteria of the application at hand.
I. INTRODUCTION

P
ERMANENT magnet (PM) machines are attracting a large amount of attention in aerospace applications due to their high torque and consequently power density [1] - [5] . These machines are required to be safe, reliable, and available under tight weight, volume, and cost constraints. To meet all these demands, design tradeoffs are usually made to balance these design requirements [6] .
The common design approach is adoption of faulttolerance (FT) features within the electrical drive system. Such FT features allow the machine to fail safely, without any catastrophic damage and enable the machine to maintain the same or comparable performance under fault to that when the machine was healthy.
The most commonly implemented method of FT is redundancy [7] . However, adding redundancy increases the system weight, volume, and cost. In systems where N + 1 redundancy cannot be achieved due to these constraints, alternative FT features must be considered [8] . A number of FT features can be included in PM machine designs that increase the availability of the machine without adding redundancy and its associated weight, volume, and cost [8] - [10] , such as the following: 1) use of the concentrated single layer windings, which allow the phase windings to be separated physically and magnetically, as shown in 2) overrating of the phase inductance, which limits the phase short-circuit (SC) current to a safe value in the case of winding short-circuit fault; 3) designing the machine that is capable of withstanding increased current loading to deliver the rated output power during a fault, enabling continuous operation.
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Although the above-mentioned features improve the FT of the machine, they also reduce the torque density of the machine. However, a design using these features has an advantage over a system using redundancy in terms of weight, volume, and cost, as the system is not duplicated.
The key fault in such FT design is the inter-turn SC fault, which cannot be completely mitigated due to the permanent magnetic field. During inter-turn SC fault, post-fault control methods are often adopted to minimize the fault current [11] - [13] . The most common post-fault control method involves shorting the machine terminals [13] . This method is easy to implement via a converter without the need for any additional hardware. However, this method requires large winding inductances so that the SC current is limited to a safe value. In general, designs with 1 pu phase inductance are preferred solutions to limit the SC current [8] .
Although this is effective for many turn-turn faults, a single turn-turn (an inter-turn) fault is still problematic, because the fault current mainly depends on the turn inductance, which depends on the location of the fault in the slot. More importantly, an inter-turn fault occurring close to the slotopening region experiences a high SC current due to its low inductance [9] , [14] .
This paper investigates the influence of the slot/pole (S/P) combination on the inter-turn SC fault in an FT-PM machine. The study considers applications where it is safe to short the terminals of the machine windings as part of the postfault control. Using analytical tools, a set of machines with different S/P combinations are studied. A 2-D sub-domain field computational model with multi-objective GA is used for design and performance prediction of the studied machines, where the electromagnetic losses including iron, magnet, and winding losses are systematically calculated. 1-D analysis is employed for turn-turn fault prediction by calculating the selfand mutual inductances of both the faulty and healthy turns during an SC fault condition with respect to the fault locations and thus fault current. The obtained results show that the SC fault current is highly influenced not only by the position in the slot where the inter-turn fault occurs, but also by the selected slot and pole number. It has been shown that the interturn fault current becomes significant with high pole numbers machines.
II. BACKGROUND
Because FT-PM machines have alternate tooth wound concentrated windings that provide magnetic isolation between phases, mutual coupling is negligibly small [15] . Thus, the electrical circuit representing the phase winding during a turn-turn SC fault can be described using the differential equations (1) and (2) , which represent the healthy turns and the faulty turns, respectively Hence, the steady-state SC fault current (I s ), after the machine has been shorted via the converter terminals, can be estimated using the following equation:
where ω e is the angular electrical pulsation. From (3), it can be seen that I s is related to three major parameters, which are resistances R s and R h , inductances L h , L s and L m , and operational frequencies. For clarity, the terms in (3) can be substituted as follows:
With electromotive forces expressed as
where N h and N s are the number of healthy and shorted turns, respectively. Substituting (4) and (5) into (3) yields
where ϕ represents the non-load flux linkage per turn. Dividing the numerator and denominator of (6) by ω e 2 yields
As ω e is significantly greater than b, c, and R h , (7) can be simplified to
For the considered single turn-turn fault condition, N s = 1; therefore, the second term of (8) can be neglected (4) into (9) yields
As the second term of the denominator (10) is significantly smaller than the first term of the denominator L m , it can be neglected and the equation can be expressed as
From (11), it is evident that the steady-state SC fault current I s is proportional to the number of turns and inversely proportional to the mutual inductances between healthy and faulty turns. As with increasing pole number both the number of turns per slot and mutual inductance between the healthy and faulty turns reduce, it is not evident how the S/P combination influences the SC fault current. Therefore, a detailed analysis has to be performed to draw such a conclusion.
III. SELECTION OF THE SLOT/POLE COMBINATION
As mentioned earlier, alternate tooth wound concentrated winding topologies are often preferred in FT applications due to the physical and magnetic isolation between the phases [16] , [17] . Due to the inherent FT capability, a number of FT-PM machines with different S/P combinations are selected for the ensuing studies. In total, eight S/P combinations have been considered for this study, specifically, 6/4, 12/8, 12/10, 12/14, 18/12, 24/16, 24/20, and 24/28. The design specifications, together with the considered design variables, are presented in Table I . The aim of the selection of S/P combinations is to compare a reasonable number of S/P cases to obtain a set of data that will provide insight into the influence of S/P combination on SC fault current. The slot number is selected as a multiple of six (12, 18, 24) in a way to accommodate three phase windings and alternate tooth winding arrangements. For the slot number selected, a number of pole combinations could be considered. In this paper, a number of poles for each slot configuration have been considered to investigate the characteristics of the particular machine designs during fault. The selected S/P combinations, though not exhaustive, are considered significant enough to demonstrate such influence.
IV. FT-PM MACHINE MODELING Fig. 2 represents the process involved in the optimization of the electrical machine design and both the performance and turn-turn SC fault analysis of the optimized design. The optimization process starts with the initially selected S/P combinations in Section III and the fixed outer diameter (OD) of 120 mm, which is limited by the envelope of the target application. Other design variables such as split ratio (SR), aspect ratio (AR), tooth-width-to-slot ratio (TR), slot-opening (So), tooth-tip height (h t ), magnet span (α m ), magnet height (h m ), the number of turns per slot (N t ), and phase current (I p ) are set as variable parameters. The design process is limited by the following three design constraints.
1) A maximum no-load air-gap flux density of 0.9 T.
2) Phase winding inductances are overrated to have 1 pu inductance in order to limit the phase SC current equivalent to rated phase current of the design. 3) DC link voltage limit of the converter is fixed to ±135 V. The key design optimization target is to produce highly efficient and high-mass-density PM machines while satisfying the above-mentioned constraints and application requirements given in Table I . A multi-objective GA is adopted for the optimization process, in which a 2-D electromagnetic model is used during the design process, while to investigate the turn-turn SC fault current, the 1-D SC fault model is used. It is worth noting that by adopting an analytical model for the design and analysis, the computation time is greatly reduced while maintaining a high level of accuracy. Finite element (FE) is therefore not considered here. The adopted analytical model and the GA technique for the design and analysis are discussed in detail in the following sections.
A. 2-D Sub-Domain Field Model
The analytical model is based on a sub-domain field model that solves Maxwell's equations in polar coordinates considering the associated boundary conditions of each domain. In order to establish the model, the machine geometry is divided into four sub-domains: 1) rotor PM subdomain ( A I , region I); 2) air-gap sub-domain ( A II , region II); 3) slot-opening sub-domain (A i , region III, i = 1, 2 . . . Q); and 4) stator slot sub-domain ( A j , region IV, j = 1, 2 . . . Q), as shown in Fig. 3 . The following assumptions were made.
1) The machine has a radial geometry as shown in Fig. 3 .
2) The stator and rotor cores have an infinite permeability and zero conductivity.
3) The magnets are magnetized in the radial direction and their relative recoil permeability is unity (μ r = 1). 4) The current density (J c ) over the slot area is uniformly distributed. 5) The end-effects are neglected and thus the magnetic vector potential has only one component along the z direction and it only depends on the polar coordinates r and θ . 6) The walls of the slot are finely laminated so that the effect of eddy currents within the iron can be neglected.
The magnetostatic partial differential equations governing in the behavior of the machine in the different sub-domains can be derived from Maxwell's equations.
These equations are formulated in terms of vector potential as in
where A represents the magnetic vector potential and its subscript is related to the associated sub-domains. μ 0 is the permeability of air, J c is the current density, and M r is the magnetization radial component. Employing the separation of variables method in each sub-domain, the general solution can be obtained [18] , [19] . A detailed solution of (12) can be found in [18] . Since the magnetic vector potential is known everywhere in each domain, the performance of the machine can be calculated [18] , [19] .
B. Performance Estimation
Using the Maxwell stress tensor, the electromagnetic torque can be calculated by considering a circle of radius r c in the air-gap sub-domain as the integration path. Hence, the electromagnetic torque can be given as follows:
where
and l stk is the axial length of the machine, μ 0 is permeability of air, and B r and B θ are radial and tangential component in the air gap sub-domain, respectively. In order to estimate both the self-inductance (L p ) and the voltage (V p ) of the phase windings, the flux linkage associated with the cross section of each slot ( A s ) with respect to the rotor position (θ ), need to be determined. The flux linkage associated with each coil can be represented by averaging the vector potential over the slot area considering the assumption (15) in the model. Thus, the flux can be described by
Hence, the phase self-inductance and voltage can be represented as a function of flux as described in
where N ph is the number of turns per phase, K f is the fill factor, and ω is the rotor angular speed. For the efficiency evaluation, the losses associated with the machine are calculated. The three main loss components, winding losses, iron losses, and eddy current losses in the magnet, are considered, while the mechanical losses are neglected. The winding losses consist of both eddy current losses in the slot and dc losses, which take into account both the losses in the slot and the end windings.
To estimate the winding eddy current losses in the slot, the magnetic vector potential obtained in the slot is used. The eddy current density (J e ) and the associated copper losses (P c ) in a conductor are estimated using (19) and (20) , respectively (20) where A j is magnetic vector potential in the j th slot, σ is the conductivity, and r c1 , r c2 , σ c1 , and σ c2 are the radial and tangential coordinates delimiting the cross-sectional area of interest. In a similar manner, the eddy current losses associated with the magnet are estimated using the magnetic vector potential obtained in the magnet sub-domain. Both hysteresis and eddy current losses associated with the stator iron are estimated using the well-known Steinmetz equations, where the losses generated due to localized saturation phenomena are neglected. As given in Fig. 4 , the stator iron is divided into three parts. The flux density in each part is evaluated considering the average flux density in the airgap domain. Finally, the iron losses are estimated using the evaluated flux density together with the material properties from its associated data sheet. It is worth highlighting here that the flux density harmonic effects in localized point and time harmonics associated with pulsewidth modulation (PWM) are not accounted for.
Since the total electromagnetic losses (P t ) are known, the efficiency (η) can be obtained from
C. Optimization Process of the Design
The design process is carried out using an optimization routine based on a non-dominated sorting genetic algorithm, where the above-mentioned 2-D electromagnetic computational methodology is integrated to evaluate the performance [20] . The goal of the GA is to maximize the efficiency and minimize the mass of the machine. As previously mentioned, the optimization envelope was constrained by the no-load air-gap flux density (B airgap ), phase selfinductance (L p ), and converter voltage limit. The per-unit base inductance L pu is set as follows:
where PM is flux linkage due to the permanent magnets and I p is the rated phase current of the machine. Thus, the SC fault current during a fault will be limited to its nominal value. The machine is chosen for analysis once the GA generates a set of Pareto-optimal solutions of the multi-objective optimization problem that satisfies both the optimization criteria and constrains. The obtained Pareto-optimal sets for all analyzed machines are shown in Fig. 5 . As in an aerospace application oriented study, lower mass is prioritized over the efficiency and therefore the set of the parameters is selected at the end of first quarter of the Pareto front with the respect to the mass. The red points in Fig. 5 highlighting the machines selected for the SC fault analysis are presented in the paper. The design parameters of the selected machines for different S/P combinations are summarized in Table II .
D. SC Current Calculation
Once the machine design has been finalized, the SC analysis is carried out at the post processing stage. A simplified 1-D analytical method proposed in [9] is adopted for this study. The 1-D model used to predict the SC current is computed during postprocessing. A 2-D model can be considered, but it involves solving the problem in each conductor sub-domain instead of in the slot sub-domain. This would significantly increase the evaluation time of the considered optimization process. The adopted model estimates the inductances during an SC fault condition, considering that the short-circuited turn is surrounded by the remaining healthy turns. This facilitates the accurate prediction of the leakage fluxes; consequently, the inductances can be determined, and considering the total winding resistance, the fault current can be calculated [9] . 
V. RESULTS AND DISCUSSION
In this section, results from the investigation of the effect of S/P combination on inter-turn SC current in FT-PM are presented. This section is divided into three subsections, where the outcomes of the individual analyses are explained. Losses and SC fault current were analyzed for each S/P combination and thermal analysis was performed for the selected S/P variants. In addition, a method that minimizes the SC fault current is proposed.
A. Losses and Efficiency of the Studied Machines
The loss breakdown for each of the machines studied is shown in Fig. 6 . While the ac and the dc winding losses are a major part of the total losses in all cases, the low slot number machines show high winding losses. The increase in the winding losses is mainly due to the bigger end windings' length of the machines with a low slot number. The highpole-number machines have high iron losses due to the higher electrical frequency necessary for their operation. Also it is worth noting that the 12/14 machine has higher iron losses than the 24/16 and 24/20 machines. The stator iron loses are dictated not only by the fundamental frequency of the phase current, but also by the mass of the machine's stator core. As is shown in Table II , the mass of the 12/14 machine's stator core is bigger than the mass of both 24/16 and 24/20 machines' stator core and so are the iron losses of the 12/14 machine.
From Figs. 6 and 7, it can be seen that the 6/4 machine proved to have the highest losses and thus lowest efficiency. This is mainly due to high winding losses and magnet eddy current losses. If the segmentation is adopted for the machine, the magnet eddy current losses can be reduced. Although this would be possible, the resultant efficiency will depend on the number of segments adopted in the design.
As can be seen from Fig. 7 , it is obvious that among the considered machines, the 24/20 machine variant, which delivers rated output with 95.7% efficiency, is the best design choice in terms of performance. 
B. Short-Circuit Current in the Faulty Turn
As explained earlier, the results of the SC analysis are based on a 1-D analytical approach. In the analysis, the position of the faulty turn in the slot is expressed by the relative position, where 0 corresponds to the outer border of the slot and 100 corresponds to the inner border of the slot, which is close to the slot-opening, as shown in Fig. 8 . The obtained SC fault currents with respect to the location are given in Fig. 9 .
Clearly, for all the analyzed machines, the highest SC current is observed when the inter-turn fault occurs near the slot-opening area. It is worth noting that the magnitude of the SC fault current increases with increasing pole number.
Although the S/P combination of 24/20 variant has higher efficiency, it produces the largest SC fault current of more than 5 pu. If the focus is mainly given to the FT, the 6/4 variant is the best candidate among the machines analyzed. This clearly explains that a balanced tradeoff between efficiency and FT is required for the design of machines for applications where FT is desired. Fig. 9 .
Inter-turn SC fault current versus fault location in a slot (0 and 100 represent locations close to the inner and outer boundary of the slot, respectively).
Among other candidates, S/P combinations of the 12/8 and 12/10 machines have a similar SC behavior. It can also be seen in S/P combinations of the 12/14 machine and 24/16 machine. This is because of the associated electrical frequencies, which are almost equal. Although these pairs of machines provide almost identical results regarding SC, in terms of efficiency, the 12/8 and 12/14 machines show increased efficiency.
C. Thermal Analysis of the Studied Machines
In order to visualize the thermal behavior, the thermal analysis was performed using the FE software and was carried out in a coupled electromagnetic and thermal FE environment. Two states, healthy and faulty, are studied. The healthy state is simulated with a nominal phase current.
For the faulty state, to minimize the evaluation time, the steady-state SC current obtained in the inter-turn SC fault analysis is injected into the faulty turn. The remaining healthy windings are separately excited using the nominal phase current. In the analysis, thermal continuity between stator and rotor is taken into account and the thermal boundaries (stator outer surface temperature is fixed to 120°C) are kept the same for all cases. The conductors' cross-sectional area and insulation thickness are carefully selected considering slot fill factor K f = 0.5. Results obtained for four cases are presented in Fig. 10 .
The SC analysis proved that the 6/4 machine is the most tolerant to the inter-turn SC fault, and the difference in the thermal distribution in the slot between the healthy and fault conditions is almost negligible. As expected, high-polenumber variants 24/16 and 24/20 show a noticeable temperature rise at the fault condition. Fig. 10(g ) and (h) shows that the 24/20 machine variant has critical hotspot due to the larger fault current. It is worth highlighting here that although the 24/16 machine variant is subjected to less magnitude of worst case SC current than the 18/12 variant, it has poor thermal behavior. This is due to the windings resistance associated with the 24/16 machine variant, which is higher than in the 18/12 variant, as evident from Fig. 6 . From the analysis and the results presented in Figs. 9 and 10, it can be summarized that the analyzed low-pole-number PM machines are suitable for FT design although they have low efficiency compared with the analyzed high-pole-number machines. Overall, the 12/8 and 12/10 machine variants proved to be the best compromise for such FT designs, since they have higher efficiency and the SC current is almost twice the rated value.
D. Modifications Toward SC Current Reduction
Although the 12/8 and 12/10 machine variants are the best choice in terms of FT and efficiency, those machines have almost twice the rated current when fault occurs close to the slot-opening region. One way of minimizing the fault current is to design the machine with a larger inductance, which can be even higher than one per unit inductance. When possible, this would result in a lower power factor and a significant reduction in the achievable torque density.
Alternatively, the maximal SC current can be maintained at twice the rated current by avoiding the placement of the winding closer to slot-opening region. From Fig. 9 , it is obvious that using only 90% of the slot for the winding and avoiding 10% closest to the slot-opening region replaces the maximal SC fault current significantly. For the 12/8 and 12/10 machine variants, the SC current can be limited to under 2 pu, if the 10% slot region is avoided. However, this will reduce the slot fill factor, consequently increasing the dc losses. However, it would be beneficial if the machine is operated at high speeds, as the ac losses would be reduced [21] .
VI. CONCLUSION
In this paper, the influence of the S/P combination on inter-turn SC fault in FT-PM machines has been investigated. Parameters of eight machines with different S/P combinations have been optimized using GA optimization and 2-D analytical model. Efficiency and inter-turn SC fault behaviors have been analyzed for each of the machines.
It has been shown that the most critical inter-turn fault location is near the slot-opening region and the magnitude of the SC fault current can be significantly reduced by avoiding winding placement near this region.
Furthermore, the inter-turn fault current magnitude depends on the selection of the slot and pole numbers, which influence the windings' parameters, namely, resistance and self-inductance of both healthy and faulty turns and mutual inductance between them.
Lower S/P combinations have better FT capability, while high S/P combinations have improved efficiency. To balance the efficiency and FT criteria of the application, the impact of the S/P combination on inter-turn SC fault current must be considered for the design process.
